Introduction
In epithelial cells, polarization of cell membranes along the apicobasal axis (apical-basal cell polarity) is crucial for maintaining tissue architecture and limiting tissue growth (reviewed by [1, 2] ). Endocytosis is also crucial in the regulation of plasma membrane composition together with apicobasal cell polarity regulation (reviewed by [3, 4] ). Although endocytic and cell polarity pathway components have been defined, how these pathways interact to regulate cellular architecture and function is unclear.
Apicobasal cell polarity is regulated by a conserved network of proteins: the Par (Par3 [Bazooka, Baz in Drosophila], atypical protein kinase C [aPKC)], Par6, and Cdc42), Crumbs (Crumbs [Crb] , PALS [Stardust, Sdt in Drosophila], and PATJ), and Scribble (Scribble [Scrib] , Discs-large [Dlg] , and Lgl) modules, which establish and maintain cell polarity through mutually antagonistic interactions (reviewed by [5, 6] ). In addition to their roles in cell polarity, these proteins also regulate tissue growth, and their deregulation leads to neoplastic tumor formation (reviewed by [7, 8] ).
Links between apicobasal cell polarity and endocytosis have been revealed from studies in mammalian cells and invertebrates (reviewed by [3, 9] ). In Drosophila, mutants in Par complex proteins exhibit trafficking defects of the adherens junction protein, E-cadherin (Ecad) [10, 11] , and of apical proteins [12] . Furthermore, mutations in Drosophila endocytic regulators exhibit defects in cell polarity and behave as neoplastic tumor suppressors similar to dlg, scrib, and lgl (reviewed by [3] ).
Endocytosis involves trafficking of plasma membrane components through different vesicular compartments: early endosomes (EEs), multivesicular bodies (MVBs), late endosomes (LEs), and the lysosome, where they are degraded, or, alternatively, the recycling endosome (RE), where they return to the plasma membrane (reviewed by [4] ). In Drosophila, defects in endocytosis alter signal transduction pathways, and these defects in signaling contribute to tumorigenesis (reviewed by [3] ). In particular, deregulation of Notch signaling occurs in various endocytic pathway mutants and contributes to cell proliferation [13] [14] [15] [16] . Acidification is another important mechanism in the endocytic pathway. Maturation of EEs to lysosomes is marked by gradual acidification of their lumen, through the activity of proton pumps (vacuolar-ATPases [V-ATPases]; reviewed by [17] ). Deregulation of endocytosis and vesicle acidification affects components of cell signaling networks, in particular, Notch. Consistent with this, mutations in regulators or subunits of V-ATPase complexes decrease endosome acidification, resulting in reduced Notch signaling [18, 19] . By contrast, overexpression of the V-ATPase component, Vha44, increases Notch signaling [20] . The links among endocytosis, vesicle acidification, and Notch signaling reflect the importance of Notch intracellular trafficking for correct pathway activation (reviewed by [21, 22] ).
Notch signaling is an evolutionarily conserved cell-cell signaling pathway that controls numerous cell-fate specification events in multicellular organisms (reviewed by [23] ). Signaling is triggered when the Notch extracellular domain binds to Delta (Dl)/Serrate (Ser) ligands, presented by neighboring cells ( Figure 1A ). After ligand binding, Notch undergoes S2 cleavage by disintegrin/metalloprotease (ADAM) releasing the ligand and extracellular domain of the Notch (Necd) into the signal-sending cell. In the signal-receiving cell, further proteolysis of cleaved Notch (Next) by g-secretase (S3 cleavage) generates Notch intracellular domain (Nicd) that translocates to the nucleus and activates gene transcription. Notch signaling is also regulated by endocytosis of full-length Notch in a ligand-independent manner, where it is recycled to the surface or degraded in the lysosome. Disruption of EE components, such as Dynamin (Shibire), Syntaxin 7 (Avl), and Rab5, block Notch signaling. In contrast, loss of later endosomal trafficking components, such as ESCRTI (TSG101) and ESCRTII (Vps25), result in ectopic Notch activation [22] .
Here ), we examined the Notch reporter, E(spl)m8-lacZ ( Figure 1A ), in Drosophila third instar larval eye antennal disc clones. Anti-b-galactosidase staining in wild-type eye epithelia revealed that E(spl)m8-lacZ is expressed throughout the posterior-differentiated region of the eye disc, with increased levels just posterior to the morphogenetic furrow (MF) ( Figures 1C and 1C 0 ). lgl 2 clones (GFP 2 tissue, Figure 1B ) spanning and posterior to the MF showed a 2-fold, cell-autonomous increase in E(spl)m8-lacZ expression, relative to surrounding wild-type tissue ( Figures 1D-1D 00 ) compared to control tissue ( Figures 1C and 1C 0 , quantified in Figure 1G ). Expression of wild-type lgl (lgl WT ) restored the elevated E(spl) m8-lacZ to normal in lgl 2 clones (Figures 1E-1G ). Furthermore, expression of a dominant-negative form of mastermind Figure 1G ). Thus, Lgl is required to restrict Notch signaling in the developing eye epithelium. 
Phenotype
To determine whether upregulation of Notch signaling contributes to the lgl 2 phenotype, we first investigated whether Notch targets, CyclinA (CycA), a cell-cycle regulator [25, 26] , and Irregular chiasm C-Roughest (Rst), a cell survival factor in the pupal retina [27, 28] , were altered in lgl 2 tissue. Indeed, CycA was upregulated in lgl 2 clones (Figures S1C-S1C 00 ). Furthermore, Rst was increased in lgl 2 clones at w40% pupal development, which show increased interommaditial cell numbers due to decreased apoptosis [29] compared to wild-type tissue (Figures 1H and 1H 0 ; quantified in Figure S1F ). 1J, 1J 0 , S1D, S1D 0 , and S1F). Importantly, expression of mam DN in lgl 2 tissue resulted in partial suppression of the lgl 2 mosaic adult phenotype; eyes were less bulgy and rough (Figures 1I and 1K; Figure S1E). However, the adult eye phenotype was not restored to normal, probably because of continued impairment in Hippo pathway signaling [30] . These data support the notion that in Lgldepleted tissue, ectopic Notch signaling contributes to the lgl 2 disorganized overgrown eye phenotype, possibly through upregulated CycA, which drives proliferation [25, 26] , and Rst, which blocks apoptosis and prevents cell sorting when overexpressed [27] .
lgl
2 Tissue Accumulates Cleaved Notch To examine effects of Lgl depletion on full-length and cleaved Notch, we generated lgl 2 clones in the eye disc and monitored levels and localization of Notch by immunofluorescence with antiNotch-intra (Nintra), which detects all forms of Notch ( Figure 2A ). In wild-type eye tissue, higher Nintra staining occurred within the MF and was localized to cell membranes of developing ommatidial clusters ( Figure S2A ). Cross-sections of lgl 2 mosaic eye discs revealed that just posterior to and within the MF, Nintra staining accumulated throughout apical and basal cell membranes and the cytoplasm ( Figures  2B and 2B 0 ). ,Ser clones (B-B 000 ) and in triple mutant clones (outlined clone shown in A) but is upregulated in lgl 2 clones (see Figure 1 ).
(C and C 0 ) E(spl)lacZ; UAS-shi K44A mosaic disc stained for b-gal (C, gray; C 0 red, merge). E(spl)lacZ is not expressed in shi K44A clones (GFP + , arrowheads).
(legend continued on next page) ( Figure S2B ). Thus, changes in Notch signaling in lgl 2 clones are not due to increased levels of Dl.
Because increased Notch signaling in various mutants is due to defects in the recycling and degradation of full-length Notch from the plasma membrane (reviewed by [21, 22] ), we tested whether full-length Notch was accumulating in lgl 2 mosaic eye discs by staining with anti-Notch-extra (Nextra), which only detects full-length Notch and Necd (Figure 2A) . In control eye discs, Nextra staining predominantly accumulated in the MF ( Figure S2C ). In lgl 2 clones, the localization and level of Nextra staining were not altered within and posterior to the MF ( Figures 2E-2E 00 ; Figures S2F-S2F 00 ), suggesting that accumulation observed with Nintra staining represents cleaved intracellular forms of Notch.
To extend this result, we performed a live trafficking assay using the Nextra antibody in cultured eye discs ( Figures  S2G-S2H 00 ). Consistent with previous results, single lgl 2 clones showed increased E(spl)m8-lacZ ( Figures 3A and 3B , clones lacking GFP and RFP, blue in merge). In contrast, lgl 2 tissue that overlapped Dl,Ser double mutant clones lacked E(spl)m8-lacZ expression in their center, but, at the periphery of these clones, E(spl)m8-lacZ expression was observed, due to rescue by Dl/Ser in adjacent wild-type tissue ( Figures 3A-3B 000 , RFP only). As expected, Dl,Ser double mutant clones lacked E(spl)m8-lacZ expression ( Figures 3A-3B 000 , RFP and GFP tissue). Thus, Notch signaling in lgl 2 tissue is ligand dependent.
Notch Signaling Requires Endocytosis in lgl
2 Tissue To determine whether endocytosis is required for activation of Notch target genes in lgl 2 tissue, we used a transgene expressing a GTP-binding defective (dominant-negative) form of dynamin (UAS-shi K44A ) [31] . shi K44A prevents fission of vesicles and formation of clathrin-coated pits, arresting endocytosis at the plasma membrane and transgolgi trafficking. We also disrupted EE formation by lowering endogenous Rab5 levels via UAS-Rab5
RNAi expression. Expression of shi K44A or Rab5
RNAi alone in eye discs caused some disruption to tissue morphology, as judged by aPKC staining (data not shown); however, as expected, Notch signaling, monitored by E(spl) m8-lacZ expression, was blocked ( Figures 3C, 3C 0 , 3E, and 3E 0 , quantified in Figure 3G ). Importantly, expression of shi K44A or Rab5 RNAi in lgl 2 tissue abolished E(spl)m8-lacZ expression ( Figures 3D, 3D 0 , 3F, 3F 0 , and 3G). Thus, blocking trafficking of Notch through EE pathways prevents upregulation of Notch signaling in lgl 2 cells.
Lgl Associates with Nintra and Endosomal Compartments
We then investigated whether Lgl might function at endosomal compartments by examining whether Lgl colocalized with Nintra and endocytic markers. As expected, Lgl antibody staining revealed no detectable signal in lgl null clones ( Figures 4A-4B ).
In wild-type tissue, Lgl was detected in large puncta in basolateral junctions and in smaller puncta throughout the cytoplasm and membranes of photoreceptor cells ( Figure 4C ). Importantly, costaining of Lgl and Nintra revealed partial overlap of Nintra and Lgl + smaller puncta ( Figures 4C-4C  00 ). Costaining of Lgl with markers of EE (Avl), early MVB (Hrs), RE (Rab11), LE (deep-orange, Dor) [32] , or LE-lysosome (Lamp1) [33] , showed that Lgl puncta overlapped with a subset of all endocytic compartments ( Figures 4D-4H 00 ). Although enlarged cytoplasmic and membrane-associated Lgl + puncta were detected in close proximity to Avl, Hrs, Rab11, or Lamp1 vesicles, colocalization of large Lgl + puncta was most obvious with the LE marker, Dor. These data show that Lgl is concentrated not only at basal-lateral membranes but also in a spectrum of endocytic compartments.
lgl
2 Tissue Accumulates Avl, Hrs, and Rab11 Endosomes We then examined whether endocytic compartments were altered in lgl 2 clones. To investigate the EE compartment in lgl 2 tissue, we generated lgl 2 clones in the eye disc and examined the localization of the EE marker, Avl [34] . In wild-type tissue, punctate staining of Avl was observed throughout the cytoplasm of eye disc cells, with highest levels accumulating at the most-apical region of cell membranes ( Figure S3A ). In planar sections, lgl 2 clones within and just posterior to the MF accumulated Avl + vesicles (Figures 5A and 5A 0 ). These changes were also observed in cross-section, where increased Avl staining was present apically and basolaterally throughout the membranes and cytoplasm of lgl 2 cells ( Figure 5B ). aPKC staining confirmed that changes in Avl staining occurred in lgl 2 clones without cell polarity loss ( Figure 5B 0 ). We then examined the localization of Rab11 (RE) and Hrs (an ESCRT-0 component involved in maturation of the EE to the early MVB; reviewed by [4, 35] ). In wild-type tissue, Rab11 and Hrs were detected within the cytoplasm and cell membranes of all eye disc cells ( Figures S3B and S3C ). In lgl 2 clones, Rab11 and Hrs accumulated within the cytoplasm and membranes of cells within or posterior to the MF (planar sections, Figures 5C, 5C 0 , 5E, and 5E 0 , respectively; cross-sections, Figures 5D, D 0 , 5F, and 5F 0 , where aPKC staining showed that polarity was maintained). Costaining with Hrs and Nintra antibodies revealed Hrs and Notch partially colocalized in lgl 2 tissue (Figures S3D-S3DV ). The altered level and localization of markers of the EE, early MVB, and RE in lgl 2 clones reveals that lgl depletion affects multiple endocytic compartments. However, Rab7, a marker of maturing LE [36] and Carnation (Car), required for LE to lysosome fusion [32, 37] Figure 5G ). Consistent with reports that Hrs and Stam form a stable complex [39] , UAS-Stam RNAi -depleted clones stained with Hrs had low Hrs levels ( Figure S4D) 
Lgl Regulates Notch Signaling Independently of Rab11
We then investigated whether the accumulation of Rab11 was responsible for increased Notch signaling in lgl 2 tissue. Depletion of Rab11 alone or in lgl 2 clones (using UAS-Rab11 RNAi , which strongly decreased Rab11 protein; data not shown) did not reduce E(spl)m8-lacZ expression ( Figures S4L-S4M 0 ; quantified in Figure 5G ) or Nintra accumulation ( Figures S4N-S4O 0 ). Thus, increased Notch activity and levels in lgl 2 tissue are not due to accumulation of Rab11.
The Acidic Compartment Is Altered in lgl
2 Tissue Because acidification of vesicles is important for g-secretase activity and Notch cleavage [20, 40] , we examined whether lgl depletion affected vesicle acidity by using a pH-sensitive, vital dye lysotracker, which detects lysosomes and other acidic endosomes. In wild-type cells, acidic organelles were evident by lysotracker uptake in cell membranes and the cytoplasm ( Figure S5A ). Importantly, in apical planar sections in lgl 2 clones, overlapping and posterior to the MF, strong incorporation of lysotracker was observed (Figures 
5H and 5H
0 ). In cross-sections, apical accumulation of lysotracker was also observed in lgl 2 tissue ( Figures 5I and 5I  0 ) , and, also, intense lysotracker staining was detected basally, consistent with the presence of basally extruded apoptotic cells (which incorporate lysotracker) present at the clonal borders [29] . Thus, lgl 2 tissue accumulates acidic intracellular compartments.
Lgl Upregulation of Notch Signaling Requires Acidification of Endosomes
Because we observed accumulation of acidic vesicles in lgl 2 tissue (Figures 5H-5I 0 ), this raised the possibility that changes in acidic compartments in lgl 2 tissue mediate upregulation of Notch signaling. Therefore, we blocked acidification of vesicles in lgl 2 tissue, using chloroquine, which accumulates within endosomes and lysosomes, raising the pH of these intracellular compartments.
Reducing vesicle acidity, by exposing larvae to chloroquine during feeding, was demonstrated by isolating third instar larval eye antennal discs and determining lysotracker incorporation. Wild-type or lgl 2 mosaic eye discs from larvae that were fed control food incorporated lysotracker ( Figures S5A,  S5B , and S5B 0 ). In contrast, wild-type or lgl 2 mosaic discs dissected from larvae exposed to chloroquine showed reduced lysotracker incorporation (Figures S5C, S5D, and S5D 0 ). Consistent with our previous results, lgl 2 clones in eye discs, from larvae raised on control food, showed increased levels of E(spl)m8-lacZ ( Figures 6A-6A 00 , quantified in Figure 6C ). Strikingly, exposure of lgl 2 tissue to chloroquine reduced E(spl)m8-lacZ to wildtype levels ( Figures 6B-6B 00 , quantified in Figure 6C ). However, lgl 2 tissue exposed to chloroquine still accumulated Nintra, Avl, Rab11, and Hrs ( Figures S5E-S5H , compared to Figures  2C-2C 00 and 5A-5F 0 , respectively). Thus, vesicle acidification is not responsible for accumulation of endocytic compartments in lgl 2 tissue. Strikingly, lgl 2 adult mosaic eyes from chloroquine-treated larvae were restored to near wild-type ( Figures 6D-6F) . Thus, reducing vesicle acidity in lgl 2 tissue prevented upregulation of Notch signaling and rescued the lgl 2 adult mosaic eye phenotype.
lgl Regulates Notch Signaling Independently of the aPKCBaz-Par6 Complex Because most functions of Lgl are attributed to its regulation of the aPKC-Baz-Par6 complex, we investigated whether this relationship was maintained with respect to regulation of Notch targets in the eye disc. Accordingly, we reduced aPKC activity via a kinase-dead (dominant-negative) aPKC transgene (aPKC CAAX-DN ) [41] in lgl 2 clones and examined E(spl) m8-lacZ expression. Surprisingly, aPKC CAAX-DN expression did not suppress upregulation of E(spl)m8-lacZ in lgl 2 clones (Figures 7A-7A 000 and 1D-1D 00 , quantified in Figure 7D ). Furthermore, depleting Baz (UAS-baz RNAi ) failed to suppress and Baz RNAi to suppress E(spl)m8-lacZ expression was not due to delayed expression of transgenes or perdurance of b-galactosidase activity. Consistent with our findings that reduced aPKC activity in lgl 2 clones had no effect on E(spl)m8-lacZ levels, clones overexpressing an activated form of aPKC (aPKC CAAX-WT ) [41] did not upregulate E(spl)m8-lacZ ( Figures 7C, 7C 0 , and 7D). Thus, in contrast to Lgl's regulation of the Hippo pathway [42] , these data show that depletion of lgl upregulates E(spl)m8-lacZ independently of the aPKC-BazPar6 complex.
Discussion
In this study, we demonstrate a novel function for the cell polarity regulator lgl in regulation of endocytosis and Notch signaling. We show in the developing Drosophila eye epithelium that (1) clones is independent of the ESCRT-0 complex (Hrs/Stam) or Rab11, but it requires Rab5 function and acidification of endosomes; and (7) Notch upregulation in lgl 2 clones is independent of aPKC-Baz-Par6. Altogether, our data reveal a novel role for Lgl in attenuating ligand-activated Notch signaling via restricting the acidification of endocytic compartments, independently of its role in regulating the aPKC-Baz-Par6 cell polarity complex ( Figure 7E ).
Lgl-Mediated Activation of Notch Signaling
Our data have revealed that increased vesicle acidification in lgl 2 tissue is responsible for elevated Notch signaling. Because S3 cleavage (by g-secretase) of Next to form Nicd depends on acidification of endosomes [18, 20, 40] , this suggests that increased vesicle acidification in lgl 2 tissue leads to aberrant g-secretase activity and cleavage of Next to Nicd, resulting in upregulation of Notch signaling ( Figure 7E ). The precise endocytic compartment in which the Notch receptor undergoes g-secretase-mediated S3 proteolytic processing is controversial (reviewed by [21, 22] ). In Drosophila epithelial tissues, V-ATPase function is implicated in Notch activation in the EEs or the MVBs [40] ; however, whether this is ligand dependent or independent is unclear. In contrast, ligand-independent generation of Nicd in the LE and/or lysosome compartment has been described [43] . Because increased Notch signaling in lgl 2 tissue depends on Rab5 EE activity, but Rab7 and Car LE compartments were not perturbed in lgl 2 tissue, we favor a model in which Lgl restricts vesicle acidification and activation of Notch signaling in the EE and/or early MVB compartments.
We speculate that Lgl regulates Notch signaling by two possible mechanisms: (1) via direct regulation of vesicle acidification or (2) via regulation of endosomal maturation, which indirectly affects vesicle acidification. In the first model, Lgl might inhibit V-ATPase activity by regulating levels and/or subunit composition or the association and/or dissociation of the V-ATPase complex. In the second model, Lgl might regulate endosomal maturation, and alterations in this process subsequently lead to accumulation of acidic vesicles and ectopic Notch activation. The Relationship among Cell Polarity, Endocytosis, and Notch Signaling Previous work has revealed that alterations in components of endocytic compartments, such as Rab5 overexpression or mutation of tsg101/ept or vps25, disrupt epithelial cell polarity and upregulate Notch signaling (reviewed by [3] ). However, in these cases, it is unclear whether perturbation of endocytosis alters Notch signaling via cell polarity disruption or whether changes in endocytic compartments directly impact on Notch. We show that without cell polarity loss, lgl 2 tissue displays altered endocytic compartments and upregulates Notch signaling, indicating that changes in endocytosis alone are sufficient to upregulate Notch pathway activity. Moreover, we show that reducing aPKC-Baz-Par6 complex activity does not rescue Notch pathway upregulation in lgl 2 tissue, revealing that Lgl's roles in regulating cell polarity and endocytosis are separable. Interestingly, the Crb polarity protein also has separable roles in the regulation of cell polarity and Notch signaling and endocytosis [44] , via different mechanisms to Lgl.
Lgl, Notch, and Tumorigenesis Our discovery that Lgl depletion increases Notch activation without cell polarity loss has implications for tumorigenesis. In the developing eye epithelium, increased Notch signaling results in upregulation of the cell cycle regulator, CycA, and the cell survival regulator, Rst [25, 26, 28] , which in lgl 2 tissue, is expected to contribute to increased cell proliferation and survival, concomitant with impaired Hippo signaling [30] . Because elevated Notch signaling is associated with various human cancers (reviewed by [45, 46] ), our finding that Lgl regulates Notch signaling warrants investigation of whether elevated Notch signaling in human cancer is associated with Lgl depletion. Notably, Lgl1 knockout in the mouse brain induces hyperproliferation and decreased differentiation, associated with increased Notch signaling [47] , and mutation of zebrafish Lgl disrupts retinal neurogenesis, dependent on increased Notch signaling [48] . Moreover, our finding that Lgl plays a novel role in regulating endosomal acidification and the striking suppressive effect of chloroquine on the adult lgl 2 mosaic phenotype reveal the importance of acidification in tumor growth, perhaps by also modulating Hippo signaling.
Our data, together with evidence that many cancers show higher acidity due to increased V-ATPase activity, which contributes to tumorigenesis (reviewed by [49] ), posit the question of whether Lgl dysfunction might contribute to acidification defects in human cancer. 
